A prototype for a l-meter long plasma source is developed for plasma acceleration experiments. The lithium neutral vapor with a density of 2×10 t5 cm 4 is ionized by a uv laser pulse and produces a plasma density of 2.6x10 ~4 cm 3. The plasma density is limited by the available uv energy. In this prototype, the length of the neutral vapor and plasma column is 25 cm. After ionization the plasma density decreases by a factor of two in about 12 gs. Intefferomen2¢ in the visible on the lithium neutrals as well as CO, laser intefferometc¢ on the plasma electrons are used as diagnostics for the plasma density.
INTRODUCTION
The latest experimental results on electron acceleration in relativistic plasma waves demonstrate energy gains up to 100 MeV. j2 The maximum energy observed in these experiments is limited by the length over which the large amplitude coherent plasma waves (wakes) can be excited, in these experiments the observed energy spread is 10t)% because the electrons are either self-trapped or injected in a bunch longer than a plasma period. In the LWFA scheme, gradients up to 100 GeV/m are excited over a few millimeters with a plasma density n~ in the 1() r~ cm 3 range, in the PBWA scheme,- 0 16 ~radients of the order of 3 GeV/m are excited over 1 cm (no= 10 cm ). In ' ,111 these experiments the energy gain •W is given by: W ~: I~.ff~e .L where e=Nl,/n,, is the wake amplitude (0.3<e<0.5), and L is the length over which the wake is excited. Future experiments will aim at demonstrating energy gains of the order of 1 GeV by operating at lower plasma densities (n,,=10 cm') but over a longer length (L=I m). Recently a plasma-wakefield acceleration (PWFA) experiment has been proposed 3 in which the goal is to demonstrate electron acceleration by 1 GeV in a 1-meter long plasma. In that experiment known as E-157, the bulk of a 30 GeV SLAC-FFTB electron bunch generates a 1 GeV/m plasma wake, and the trailing electrons of the same bunch experience the acceleration. An energy gain of 1 GeV is in principle possible with a wake excited over a distance of 1 meter in a n =2-4x 10 ~4 cm -3 plasma. A prototype for a 1-meter plasma source that should fulfill the requirements for the proposed experiment is described here.
The plasma source consists of a lithium (Li) heat-pipe oven which produces a Li vapor density in the 10 ~5 cm -3 range over 25 cm. The vapor is ionized by a uv laser pulse to a plasma density in the 10 TM cm 3 range.
PLASMA REQUIREMENTS
The plasma parameters required for the E-157 experiments, listed in Table l , can be deduced tbr the SLAC-FFTB beam parameters, and from numerical PIC simulations. 3 They are as follows (Table 2 ). a) An electron plasma density n, adjustable around 4x10 ~4 cm 4 over 1 meter to optimize the energy gain and the number of accelerated particles. Larger energy gains can be achieved at lower plasma density, but in this case less particles would be accelerated, b) A density variation ~n]n,<25% over 1 m to avoid dephasing, between the accelerated particles and the plasma wake. c) A plasma diameter larger than 600 gm to avoid the degradation of the wake amplitude caused by the excursion of the plasma electrons to outside of the plasma when blown out by the electron bunch, d) An adjustable plasma length L, and sharp plasma/vacuum boundaries to match the electron bunch betatron wavelength (=40cm with n,=2xl014 cm-2), e) A low atomic number Z for the gas/plasma nuclei, and a large tractional ionization (n]n,)>15%), to minimize the influence of impact ionization of the neutrals by the driving electron bunch. Estimates 4 show that with N=3x 101° electrons about 1.6% ionization tbr Z=2 (He) and 4.5% for Z=10 (Ne) could be generated by this process at the locations where the beam pinches to its minimum spotsize (=0.5 /am).
Lithium is chosen (Table 3) because it can be photo-ionized by uv light (1-photon process) and has Z=3. Vapor pressures corresponding to neutral densities in the 10 ~~ cm -3 range can be obtained at temperatures around 750°C in a heat-pipe oven. 
HEAT-PIPE OVEN
The heat-pipe oven ( Fig. 1) consists of a stainless steel tube heated along its central part, cooled at both ends, and containing a stainless steel mesh (wick)J The cold oven is filled with a given pressure of helium (buffer gas, Pj,,I>=200 mT), and contains an ingot of Li. When heated, the Li melts and its vapor pressure increases. At some heating power, the oven reaches a temperature such that the vapor pressure of the Li is equal to Pl,,o~,: Above this heating power, the temperature of the Li does not increase. In this regnne, the buffer gas at both ends of the oven contains the pure Li vapor to the central region of the oven. The Li pressure and temperature (i.e., density n,,) are fixed by the buffer pressure (Pti=Pj,,,j> in absence of flow), while the Li columal length is proportional to the heating power. The Li evaporates in the heated zone of the oven, and condenses at the ends. The wet wick returns the liquid Li toward the evaporation zone by capillary action. The prototype described here is heated over 40 cm, the insulation is 46 cm long, while the distance between the cooling jackets is 52 cm. Optical windows (quartz or BaF 2) are located at the ends of the oven, and are in contact only with the room temperature buffer gas. They provide access for the ionizing laser pulse and for optical diagnostics of the Li vapor and plasma. 
Optical

TEMPERATURE PROFILE MEASUREMENTS
The length over which the Li vapor extends is estimated from temperature profiles measured with a thermocouple probe along the axis of the heat-pipe oven with and without Li. The profile without Li in the oven (Fig. 2) shows that the temperature is decreasing away from the oven center, due to heat conduction along the oven wall and along the stainless steel probe housing itself. In contrast, the profiles measured with Li in the oven and with comparable heating power exhibit a relatively constant temperature in the center of the oven, followed by a rapid drop toward the end of the oven. The Li rakes the heat from the center of the oven upon evaporation (Li enthalpy of evaporation: 19 J/g), the vapor transports it towards the end of the oven where it is released upon condensation of the vapor on the wick. In this oven, the length over which the vapor density drops to 80% of the center density is esthrmted from the temperature profiles ~uad the Li vapor pressure curve to be L=25 cm (Ph,,,,,=307 W). Note that the temperature of the oven wall measured by a thermocouple placed outside of the oven, and referred to as T, hereafter, is about 60°C higher than that measured inside the oven. Figure 3 shows the values of 1!,1~ measured as function of the oven external temperature. A value of 5.29×10" cm-" is obtained with T,,,,=749°C, corresponding to n,=2.12×10 ~~ cm 3 for L=25 cm. At this temperature (or density) the fractional uv energy absorbed is only 9.5%. absorption method (squares) and by the hook method (circles). Assuming L=25 cm (see Fig. 2 ), both method show that n,-2xl0 ~s cm -3 with T,,,,=750°C.
. 2 H o o k m e t h o d
Lithium, as do other alkali metals, exhibits a strong transition line in the visible frequency range from its ground state to the first excited state (2s to 2p state, J=l/2--+J'=3/2 at ,;t,=670.78 nm, and J=l/2~J'=l/2 at )t=670.79 nm). However for the experiments described here, the two Li transitions can be considered as one at 2,.=670.785 nm. The susceptibility Z associated with this atomic transition significantly modifies the index of refraction of the Li vapor in the vicinity of A,v even at relatively low density (n,~=1015 cm-3). The con'esponding dispersion is used to measure the neutral vapor density and as a diagnostic for the plasma density (see Sect. 6).
The oven is placed in one arm of a Mach-Zehnder white light intefferometer. The interferometer light is sent to a stigmatic, f/4, 27 cm spectrograph to observe the dispersion (n(A)=(I+z(A)) I;:) in the vicinity of the neutral Li line at 670.785 nm (hook method, ~ see Fig. 4 ). The evaluation of the hook interferograms uses the following tbiTnula:
where Ni is the population of the lower level i. K=p)~'IA2 is the hook-intefferogram constant, r,)= 2.82x10-15m is the classical electron radius, and . [ii, and A.,7 T o ,~,,=376 C, there is a negligible density of Li in the oven. Bottom picture: T,,,=7t5°C, the measure of A~i (distance between the hooks, in nm) yields n,iL=3.2xl0 ~' cln--', which corresponds to n~=l.3xl0 ~5 cm -3, assuming L=25 cm.
LITHIUM PLASMA
Changes in neutral and/or plasma density modify the dielectric constant n of the Li vapor and are measured by interferometry. The relative dielectric constant e, at frequency ~, neat" an atomic transition at frequency ~i of a partially ionized gas is given by: Nie2 .( , ,~ )-1 C0~e ~3 r =1+ ~ifij ¢O~-O3~-io)0/Tij -.~ ~0me J o3~ where r,i is the lifetime of the upper state j of the i--+j transition. It includes a contribution from the resonant transitions (change in N,) from the lower state i of the neutral atoms to the possible upper states j of the transition (see Section 5.2), and a contribution from the plasma (change in n,). Depending on co,, one or both of the contributions need to be retained. The phase difference A~ between light from the two arms of an intefferometer arising from the change in index of refraction is given by: T ,x~ = 2n(n -1)~-where n=(e,)":.
The Li vapor is ionized by the 20 ns. uv fight pulse of an ArF excimer laser at 193 nm (hv=6.43 eV). The line integrated plasma density n,L is directly measured by CO 2 interferometry (A.0=10.6 ~tm). At this wavelength, only the plasma contribution to e, needs to be retained. The plasma source is placed in one arm of a Mach-Zehnder interferometer. The product n,L is obtained by measuring the phase shift on the intefferometer signal resulting from the change in index of refraction of the recombining plasma:
A~ n e.L =--.)~0-ncrit for n e<<ncrit where n,,, is the critical plasma density for 20: n~,~,=(2~c/2o)~-'eorn,,/e~=9.9×10~8 cm3. Figure 5 shows the plasma density measured by CO 2 intefferometry (assuming L=25 cm) as a function of the uv energy incident on the plasma. The maximum density of 1.27×10 ~4 cm -3 is ILrnited by the uv energy reaching the Li vapor. The CO 2 laser pulse is coupled into the oven by grazing reflection (=70 deg.) upon a quartz window. When traversing this window about half of the ionizing laser pulse energy is lost by reflection. The time for the plasma to drop by a factor of two, because of recombination and possible diffusion, is about 12 gs. The average plasma density n e is estimated from the absorbed uv energy and from the illuminated volume since every photon absorbed by an atom creates one free electron. About 6.6% of uv energy is absorbed over a 0.67 cm 2 beam cross section and L=25 cm. The average plasma density calculated by this method is also plotted on Fig. 5 , and shows a good agreement with the interferometry results. Note that for this measurement the uv energies are averaged over a large number of laser pulses by a calorimeter. Shot-to-shot variation of the uv energy (+10%) is responsible for the variations in the plasma density observed by interferometry. The neutral density necessary for a 6.6% uv absorption is 1.5×10 j~ cm3; the fractional ionization is therefore about 12%. and by absorption of the uv ionizing laser pulse energy (circles, continuous line) as a function of the energy incident upon the Li vapor. The neutral density n,~ is 1.52x10 ~5 cm -~, and the uv absorption is 6.6%.
Since the plasma is obtained by ionization of the neutrals, the plasma density can be interred from the variation of the neutral Li density, i.e., by interferometry on the Li neutrals near /],ij=670.785 nm (see section 5.2). The wavelength at which interferometry is pedbrmed can be chosen to observe a suitable number of fringes. An example of the fringe shift observed simultaneously by CO 2 (Z,=10.6 ~m) and by helium neon (5to=632.8 nm) interferometry is shown on Fig. 6 . At 2,~=10.6 ~m, only the plasma contribution to e, needs to be retained, whereas at Z,~=632.8 nm both the neutrals and the plasma contribute to e,. The average plasma density obtained at these two wavelengths are 0.42x10 '4 cm -3, and 1.0xl0 '4 cm -~ respectively, for a neutral density of 7.6x10 ~s cm -~ and an incident uv fluence of 30 mJ/cm--. The value of n e obtained from the uv absorption (3.1%) is 0.37x10 u cm -3 and is in good agreement with the CO 2 interferometry value. Note that the uv pulse spot shape is not uniform and may account for the discrepancy between the interferometry results. The uv absorption and the CO_~ interferometry yield volume integrated values of the plasma density, whereas the helium-neon pencil beam only samples a cord along the oven axis. Interferometry on the neutrals at the helium-neon laser wavelength is suitable for the 1-meter plasma source (n,.=2-4x10 u cm -3) since the fringe shift is expected to be about ten times larger than the one obsexwed with the prototype. F i g u r e 6: Oscilloscope traces obtained simultaneously from the CO~ interferometry (top trace) and the helium-neon interferometry (bottom trace).
The maximum plasma density obtained with this prototype is at T,,,=734°C
(n,--2.0xl0 cm-over L=25 cm, Fig. 3 ) with a uv fluence of 35 mJ/cm , leading to an average plasma density of n,,=2.6x10 H cm -3, and a fractional ionization n,/n o of 13%. This value is limited only by the available uv fluence.
S U M M A R Y
A fithium vapor density in the 2x10 t5 cm -~ range is obtained in a heat-pipe oven. The length of the neutral Li column is about 25 cm. The values for the neutral density obtained by uv absorption and by the hook method are in very good agreement. The vapor is ionized by uv light (1-photon process). The line integrated plasma density is measured by CO 2 laser interferometry on the plasma electrons, by visible interferometry on the Li neutrals (near the 2.ij=670.785 nm transition from the Li ground state), and by uv absorption. The maxmmm plasma density is 2.6×10 t4 cm -3, limited only by the maximum uv fluence available. The time for the plasma density to drop by a factor of two is about 12 ~ts. Visible intert~rometry on the neutrals (heliumneon laser, )Lis=632.8 nm) provides a simple diagnostic for n, and will be implemented in the SLAC E-157 experiment. The plasma density will be optimized for the acceleration experiment by changing the delay between the ionizing laser pulse and the electron bunch. The plasma column length will be adjusted by changing the oven heating power. The 1-meter long plasma source is presently being assembled. This source differs from the prototype only by its length, therefore similar neutral/plasma densities should be obtained. A uv fluence of 200 mJ/cm -2 incident upon a vapor density of 6×10 ~4 cm -3 is required to produce a 2×1014 cm -3 plasma density with a 10% drop along the 1-meter plasma. The variation of the plasma density over the length of the oven due to the depletion of the ionizing pulse energy can be minimized by sending the pulse back through the oven. Double passing the oven with the uv beam would also almost double the plasma density.
